Spatiotemporal information and application have received considerable attention. Spatiotemporal information is often imprecise or uncertain; therefore, the establishment of a reasonable and effective fuzzy spatiotemporal data model is vital. The traditional tool-based modeling method cannot meet the needs of fuzzy spatiotemporal data modeling. XML has become the standard of Web data representation and exchange. Based on the fuzzy set and probability theory, this paper analyzes the characteristics of fuzzy spatiotemporal data and establishes a fuzzy spatiotemporal XML data model. We present a fuzzy spatiotemporal UML data model and provide the rules for converting the fuzzy spatiotemporal UML data model to the fuzzy spatiotemporal XML model. We demonstrate our model and the conversion by applying them to a meteorological event.
I. INTRODUCTION
With the wide utilization of the Web, XML (eXtensible Markup Language) has become the de-facto standard for data representation and exchange on the Web [1] , and recommended by the W3C (World Wide Web Consortium). XML supports a wide variety of applications such as digital libraries, electronic data interchange (EDI) and so on. As a data schema, the XML schema can represent structured documents and objects. However, the complexity of the XML schema is increasing with the increase of semantic expression, and this makes the structure and content of XML documents more difficult to understand and communicate. Therefore, other methods are generally required to represent the complex semantics of spatiotemporal information, and then convert the model into XML encoding format. The work in [2] describes a translation algorithm for mapping spatiotemporal conceptual schemas into XML schemas and proposes a framework that allows validation of XML documents containing spatiotemporal information on spatiotemporal conceptual schemas. In [3] , the traditional three-level database design method is applied to design an UML (Unified Modelling Language) class diagram for XML schema conversion. The first level uses the UML class diagrams and constraints to represent the concept level, the second level with UML stereotypes represents the logical level, and the third level with XML represents the physical level. This method results in minimizing redundancy and maximizing connectivity.
Time and space information exists widely in many realworld applications such as diseases spreading [4] , environmental systems [5] and so on. Therefore, it is necessary to implement spatiotemporal data management effectively. One of the core issues in spatiotemporal data management is to establish a suitable spatiotemporal data model [6] . A number of spatiotemporal data models such as the spatiotemporal ER/EER data model [7] , spatiotemporal UML data model [8] , and spatiotemporal XML data model [9] have been proposed. Based on the specifications of integrity constraints, the spatiotemporal data model of topological relations is divided into two main approaches: general point-set topology [10] and mereology [11] . The 9-Intersection model [10] and 4-Intersection model [12] are based on point-set topology; RCC-5 [13] and RCC-8 [14] are based on mereology.
In many real-world applications, information is often imprecise or uncertain. One of the semantics that the traditional data models have not fully resolved is uncertainty. The traditional data models always assume that the data models are a perfect reflection of real-world phenomena and further assume that the modelled data are known, accurate and complete. However, in the real world this is rarely the case. There is much inaccuracy and uncertainty in human knowledge and natural language. To enable the traditional databases to express and address fuzzy information, substantial research work has been devoted to the study of fuzzy database models and has achieved fruitful theoretical research results (Parsons, 1996) , including the fuzzy ER model [15] , fuzzy (E)ER model [16] , fuzzy relational database model [17] , fuzzy object-oriented database model [18] , [19] , fuzzy UML model [20] , and fuzzy XML data model [21] .
Fuzziness is inherent in spatiotemporal data [22] , [23] because it is difficult to get exact location or time information. To represent and manipulate uncertain spatiotemporal data, fuzzy set theory [24] has been applied to spatiotemporal data modelling. In [25] , the UML data model is applied to model the fuzzy spatiotemporal data in environmental information systems, and the UML data model extended to represent spatiotemporal data along with fuzzy properties of spatiotemporal database applications. In the context of meteorological applications, the UML data model is extended in [26] by adding a symbol µ and a diamond-shaped symbol in the class diagram to study the fuzzy spatiotemporal aggregation relation. More recently, the XML model is extended in [27] to represent fuzzy time information and fuzzy spatial information. Without a detailed description of schema, the proposed fuzzy XML model discusses fuzzy space topological relations, but pays little attention to the space-time information.
Various fuzzy data models have been proposed, and there have been some efforts to convert fuzzy data models. The fuzzy XML data model, for example, is converted into the fuzzy UML data model and the fuzzy EER model in [28] and [29] to serve as fuzzy XML reuse and integration at a conceptual (high) level of data abstraction. The fuzzy UML data model and the fuzzy EER model are converted into the fuzzy XML data model in [30] and (Yan and Ma, 2014 ) to serve as the conceptual design and automatic construction of the complex fuzzy XML model. Although fuzzy spatiotemporal UML data models and fuzzy spatiotemporal XML data models have been proposed, to the best of our knowledge, there are no reports of investigations of conversions from a fuzzy spatiotemporal UML data model to a fuzzy spatiotemporal XML data model. This paper analyses the characteristics of fuzzy spatiotemporal data. The fuzzy time metric relation, the fuzzy time direction relation, the fuzzy spatial metric relation and the fuzzy spatial direction relation are discussed. The semantics of fuzzy time and space are enriched, and then a detailed and operable fuzzy spatiotemporal XML data model is established. A fuzzy spatiotemporal UML data model is proposed to integrate various temporal relations and spatial relations. Although UML can represent richer semantic information, the processing power of the Web is insufficient, and therefore we propose a conversion approach from fuzzy spatiotemporal UML model to fuzzy spatiotemporal XML model. Finally, the Fujiwara effect of a typhoon is used as an example to verify the validity and rationality of the model. The remainder of this paper is organized as follows. Section II provides basic knowledge of fuzzy sets and probability theory and the concepts of temporal and spatial information. Section III presents a fuzzy spatiotemporal data representation model based on XML. The fuzzy spatiotemporal UML class model is studied in Section IV. Mapping from the fuzzy spatiotemporal UML model to the fuzzy spatiotemporal XML model is described in Section V. Section VI summarizes the paper.
II. PRELIMINARIES A. FUZZY SET AND POSSIBILITY THEORY
In the real world, various kinds of information may be imperfect. Different types of imperfection have been widely investigated in the context of knowledge bases, databases and information systems. Some studies have been devoted to classifying imperfect data [31] - [33] . Imperfect information has five aspects: inconsistency, imprecision, vagueness, uncertainty and ambiguity [32] , [33] .
Several different kinds of imperfection may co-exist with respect to the same piece of information. Imprecision and uncertainty are two primary forms of imperfect information [33] . To represent and address imprecision and uncertainty of information, researchers propose a variety of representation methods [31] , [34] . Among the existing methods, fuzzy set [24] and possibility theory [22] have been widely applied to model imprecision and uncertainty.
Let U be a universe of discourse and F be a fuzzy set on U . A membership function µ F for F is defined as follows:
Here, µ F is used to represent the membership function of the fuzzy set F, and µ F (u), for each u ∈ U , is used to denote the membership degree of u in the fuzzy set F. The fuzzy set F with the membership function µ F on U is described as follows:
Note that the closer the value of µ F (u) is to 1, the higher the degree of u belonging to F is; the closer the value of µ F (u) is to 0, the lower the degree of u belonging to F is. When µ F (u) for each u ∈ U is equal to 0 or 1, the fuzzy set F degenerates into a classical set.
When the membership degree µ F (u) above is explained as a measure of the possibility that a variable X has the value u, where X takes on values of U , the fuzzy set F is described by the possibility distribution π X [22] .
For any u i ∈ U , π X (u i ) represents the possibility that u i is true. Then, π X is the representation of the possibility distribution for a possibilistic variable X . By means of a fuzzy set and a probability distribution, fuzzy data on U can be represented. 
b: FUZZY TIME RELATIONS
Similar to the crisp temporal relations, fuzzy temporal relations include fuzzy temporal direction relations, fuzzy temporal metric relations, and fuzzy temporal topological relations.
Definition 3 (Fuzzy Temporal Direction Relations):
Fuzzy temporal directional relations denote the direction between fuzzy temporal objects, which indicate fuzzy time or fuzzy time intervals from now to the past. Fuzzy temporal direction relations are expressed as a triple Ã t_direction = (t 1 , t 2 , τ d ), where t 1 , t 2 denote fuzzy time points (or fuzzy time intervals) and τ d ∈ {←, →}, ←, →, indicates that the relative direction of time objects is forward or backward.
Definition 4 (Fuzzy Temporal Metric Relations):
Fuzzy temporal metric relations represent the length between fuzzy temporal objects. Fuzzy temporal metric relations can be expressed in any unit of measure, such as seconds, minutes, hours, etc. They are represented as a triple Ã t_metric = (t 1 , t 2 , τ m ), where t 1 , t 2 denote fuzzy time points (or fuzzy time intervals), τ m ∈ µ F (u)µ F (u), µ F (u) and µ F (u) are used to denote that u belongs to the fuzzy set's membership.
Definition 5 (Fuzzy Temporal Topological Relations):
Fuzzy temporal topological relations represent the simultaneity of two adjacent events. They can be represented by topological relations such as fuzzy equal, fuzzy meet, fuzzy overlap, fuzzy contain and fuzzy disjoint between two adjacent times. A fuzzy temporal topological relation is a triple Ã t_topology = (t 1 , t 2 , τ t ), where t 1 , t 2 denote fuzzy time points (or fuzzy time intervals) and τ t ∈ {Equal, Meet, Overlap, Contain, Disjoint}.
In this paper, temporal topological relations are optimized by combining the temporal direction relations and the topological relations such as forward or backward. The fuzzy temporal direction between two fuzzy time points, fuzzy time points and fuzzy time intervals, or two fuzzy time intervals are given by combining fuzzy temporal directions. The relation between two fuzzy time points is Equal, Meet, and Disjoint. There are three temporal relations between fuzzy time point and fuzzy time interval: Meet, Contain, and Disjoint. There are five possible forms for two fuzzy time intervals, which are Equal, Meet, Overlap, Contain, and Disjoint. As shown in Fig. 2 , FT_PI_Contain indicates that the fuzzy time point is included in the fuzzy time interval. Definition 7 (Fuzzy Spatial Line): Fuzzy spatial line represents an uncertain linear spatial object, which is a set of points between two possible endpoints. A fuzzy line is represented as Ã sl = (x 1 , y 1 , z 1 , δ 1 , x 2 , y 2 , z 2 , δ 2 ), where (x 1 , y 1 , z 1 ) and (x 2 , y 2 , z 2 ) are two coordinates of two endpoints in 3D space, δ 1 (0 ≤ δ 1 ≤ 1) and δ 2 (0 ≤ δ 2 ≤ 1) represent the membership degree of the two endpoints at position (x 1 , y 1 , z 1 ) and (x 2 , y 2 , z 2 ).
Definition 8 (Fuzzy Spatial Region):
Fuzzy spatial region represents an area with fuzzy boundaries described by MBR (Minimum Bounding Rectangle) [35] . A fuzzy region is defined as Ã sr = (x min , y min , δ min , x max , y max , δ max ), where (x min , y min ) and (x max , y max ) represent the minimum and maximum coordinates of a fuzzy region mapped to the x-axis and y-axis; δ min (0 ≤ δ min ≤ 1) and δ max (0 ≤ δ max ≤ 1) denote membership degree of the two points at positions (x min , y min ) and (x max , y max ).
b: FUZZY SPATIAL RELATIONS
Fuzzy spatial relations include fuzzy spatial direction relations, fuzzy spatial metric relations, and fuzzy spatial topological relations. between two fuzzy spatial objects. A fuzzy spatial direction relation is expressed as a triple Ã s_direction = (s 1 , s 2 , ψ d ), where s 1 , s 2 denote fuzzy spatial points (or fuzzy spatial line, fuzzy spatial region) and
indicates that the relative direction of spatial objects is east, south, west, north, southeast, northeast, southwest, and northwest.
Definition 10 (Fuzzy Spatial Metric Relations):
Fuzzy spatial metric relations represent the distance between fuzzy objects, such as ''roughly three kilometres apart.'' Fuzzy spatial metric relations can be expressed in any unit of space distance, such as centimetres, metres, kilometres, and so on. It is represented as a triple Ã s_metric = (s 1 , s 2 , ψ m ), where s 1 , s 2 denote fuzzy spatial points (or fuzzy spatial line, fuzzy spatial region) and ψ m ∈ µ F (u), µ F (u) is used to denote that u belongs to the fuzzy set's membership.
Definition 11 (Fuzzy Spatial Topological Relations): Fuzzy topological relations represent the spatial topological relations of basic spatial objects, points, lines and planes, such as fuzzy equal, fuzzy meet, fuzzy overlap, fuzzy contain, fuzzy disjoint and fuzzy intersect. Let s 1 and s 2 be fuzzy spatial points (or fuzzy spatial line, fuzzy spatial region), then a fuzzy spatial relation can be defined as Ã s_topology = (s 1 , s 2 , ψ t , δ), where ψ t ∈ {Equal, Meet, Overlap, Contain, Disjoint, Intersect} and 0 ≤ δ ≤ 1, δ represent the membership degree of fuzzy topological relations.
The original spatial relations rarely consider the relations between spatial directions because of their complexity [36] . In this paper, the spatial topological relations are optimized with the space direction relation. The fuzzy spatial direction between two fuzzy spatial points, fuzzy spatial point and fuzzy spatial line, two fuzzy spatial lines, fuzzy spatial point and fuzzy spatial region, fuzzy spatial line and fuzzy spatial region, two fuzzy spatial regions are given by combining fuzzy spatial directions. The relations between two fuzzy spatial points are Equal and Disjoint. There are three spatial Fig. 4 , FS_LR_Intersect indicates that the fuzzy line and the fuzzy region are intersecting.
III. FUZZY XML SPATIOTEMPORAL DATA MODEL
XML has become the standard of Web data representation and exchange. Based on the fuzzy set and probability theory, in this section, we analyse the characteristics of fuzzy spatiotemporal data and then establish a fuzzy spatiotemporal XML data model.
A. REPRESENTATION OF FUZZY OBJECT ELEMENTS
There are two kinds of fuzziness in XML [30] . The first is the fuzziness in elements, which can be represented by the associated membership degree. The second is the fuzziness of element attribute values, which are expressed by fuzzy sets. According to the analysis of spatiotemporal data in the previous section, based on XML, we discuss the general fuzzy object elements, fuzzy time data and fuzzy spatial data.
Fuzzy object elements in spatiotemporal data have the same properties as general fuzzy objects; we use the representation method of the literature [37] , fuzzy object elements without spatiotemporal information can be represented as shown in Fig. 5 . Val represents a possibility that elements exists in an XML document, Dist is a fuzzy constructor that illustrates a probability distribution. To facilitate the distinction between ordinary objects and ambiguous objects, two new elements Crispelement and Fuzzyelement are introduced into the XML schema.
In Fig. 5 , Crispelement represents an element that is not fuzzy; Fuzzyelement represents an element with fuzziness, minOccurs = ''0'' and maxOccurs = ''1'' indicate that the probability of Fuzzyelement belonging to FuzzyObject is between 0 and 1, Crispelement and Fuzzyelement are the subelements of the FuzzyObject. 
2) REPRESENTATION OF FUZZY TIME RELATIONS
The fuzzy temporal relation includes direction, metric and topology. In Fig. 7 , when using fuzzy space-time XML schema extension, FuzzyTimeDirection is used to represent the direction relation of fuzzy time. According to the angle of space-time object selection, the value can be forward or VOLUME 5, 2017 
2) REPRESENTATION OF FUZZY SPATIAL RELATIONS
Fuzzy spatial relationships include direction, metric, and topology. In Fig. 9 , FuzzySpatialDirection denotes the fuzzy spatial direction relation of two objects, and its value can be →, ↓, ←, ↑, , , , ; FuzzySpatialMetric represents a space metric relationship, depending on the application environment, it can be centimetres, metres, kilometres or other units of measurement, SpatialMetric Val represents the degree of fuzziness of the measure; FuzzySpatialTopological denotes the topological relation of fuzzy space, which is Equal, Meet, Overlap, Contain, Disjoint and Intersect. The representation of these three relationships is a sub-element of FuzzySpatialRelations in the XML schema, and FuzzySpatialRelations represents fuzzy spatial relationships.
The proposed fuzzy XML model defines the basic elements, attributes and relationships of fuzzy time and space, and is conducive to the storage and exchange of fuzzy spatiotemporal information in the Web environment.
IV. FUZZY UML SPATIOTEMPORAL DATA MODEL
In this section, we present a fuzzy spatiotemporal UML data model for modelling fuzzy spatiotemporal information.
A. FUZZY SPATIOTEMPORAL CLASS
The fuzzy spatiotemporal class contains generic fuzzy attributes (such as speed, coordinates, etc.) and fuzzy attributes with temporal and spatial information. We identify these two kinds of fuzzy attributes in UML classes.
1) REPRESENTATION OF GENERIC FUZZY CLASS
If an object belonging to a given class is fuzzy, or some attributes of the generic class take fuzzy values, a generic class in the UML data model is fuzzy. According to the definition of document [30] , we give the form of fuzzy generic class.
There is a fuzzy generic class called Subtropical High in Fig. 10 . In this class, the value of a feature attribute Westextending point is fuzzy. Thus, we add the keyword ''Fuzzy'' to identify it. Additionally, the fuzzy generic class Subtropical High contains an additional special attribute µ which denotes the membership between the generic object and fuzzy generic class.
2) REPRESENTATION OF FUZZY SPATIOTEMPORAL CLASS
Unlike the fuzzy generic class, the fuzzy spatiotemporal class is a class that contains fuzzy temporal information or fuzzy spatial information, which must be specified in the UML data model. As shown in Fig. 11(a) , different fuzzy temporal attributes can be represented by a dashed circle containing ''t'', ''P'', ''l''; ''t'' denotes the unknown temporal object, ''P'' denotes a fuzzy time point, and ''I'' represents a fuzzy time interval.
For the spatiotemporal class Typhoon in Fig. 11(b) , we use fuzzy time point ''P'' to identify the fuzzy temporal attribute about a start time of a tropical cyclone. Similarly, fuzzy interval ''I'' is used to determine the fuzzy temporal attribute of running time of a tropical cyclone. Since the failure time is not precise, we use fuzzy time ''t'' to determine this attribute.
Similar to the fuzzy temporal data representation in the UML data model, we use a dashed rectangle containing ''s'', ''P'', ''L'', and ''R'' to represent different fuzzy spatial objects as shown in Fig. 12 (a) ; ''s'' represents the unknown spatial attribute, ''P'' denotes fuzzy points, ''L'' denotes fuzzy lines, and ''R'' denotes fuzzy regions. As shown in Fig. 12 (b) , a fuzzy spatiotemporal class called Cadastral includes a river, land, and unused land. We identify the fuzzy spatial attribute of a river by a fuzzy line ''L'', identify the fuzzy spatial attribute of cultivated land by fuzzy point ''P'' or fuzzy region ''R'', and directly identify the unused land by ''s''. 
B. REPRESENTATION OF FUZZY SPATIOTEMPORAL RELATION
UML [38] provides a semantic extension stereotype [39] , which allows the creation of new meta-types for specific problems. The graphical representation of stereotype uses a double-pointed parenthesis ( stereotype ) and is placed on the element name in the UML data model. To express the semantics of spatiotemporal data in the UML data model, a representation of fuzzy spatiotemporal relation is constructed in this paper. As shown in Fig. 13 , the fuzzy spatiotemporal relation is represented by the stereotype form. The name of the stereotype is in the upper part of the new class. The detailed content of this stereotype is shown below, including the direction, metric and topological relations of fuzzy spatiotemporal relations.
As shown in Fig. 13 (a) , a fuzzy temporal direction relation is represented by ← or →, a fuzzy temporal metric relation is expressed by any units representing time length, and a fuzzy temporal topological relation is denoted by Equal, Meet, Overlap, Contain, or Disjoint. As shown in Figure 13 (b), a fuzzy spatial direction relation is represented by →, ↓, ←, ↑, , , , , a fuzzy spatial metric relation is expressed by any unit representing spatial distance, and a fuzzy topological relation is represented by Equal, Meet, Overlap, Contain, Disjoint, or Intersect.
V. FUZZY SPATIOTEMPORAL DATA MODEL MAPPING FROM UML TO XML
XML lacks sufficient power to model real-world fuzzy spatiotemporal information and complex semantic interrelationships. Other methods are necessary to describe data paradigms and develop a true conceptual data model; this model can then be transformed into an XML-encoded format, which can be treated as a logical model. Based on the previous sections, we propose the rules to convert from a fuzzy spatiotemporal UML data model to a fuzzy spatiotemporal XML model, and provide an example to verify the validity and rationality of the conversion. In UML, the fuzzy spatial relation is represented by S_Relations and is mapped to XML using FuzzySpatialRelations. In UML, the attributes SDirection, SMetric, and STopological represent the direction, metric, and topological relations of fuzzy spatial and are mapped to XML using FuzzySpatialDirection, FuzzySpatialMetric, and FuzzySpatialTopological.
To verify the validity of the fuzzy spatiotemporal UML and XML data models, we apply them to actual meteorological events, which are Fujiwara effect. Fig. 14 each other in September 2000. Fig. 14 (a) and Fig. 14 (b) are satellite photos of 9 September 12 and 11 September 6.
Step
(Extract the Fuzzy Information From the Object, Excluding the Spatiotemporal Data):
Coordinates, wind speed and other information may contain the fuzziness at the level of objects or the fuzziness at the level of attribute values [30] in Fig. 15 . Bopha(a)'s coordinates may be inaccurate, and Typhoon Saomei(b)'s properties west-termination point may be fuzzy.
Step 2 (Extract the Fuzzy Spatiotemporal Data and Classify Them): The temporal and spatial relations of Bopha (a) and Saomei (b) in satellite photographs are as follows: the temporal direction from Bopha (a) to Saomei (b) is forward, the temporal metric may be 42 hours, the temporal topological relation is disjoint, the spatial direction relation is Southeast, the spatial metric is approximately 400 km, and the spatial topological is meet.
Step 3 (Represent Fuzzy Spatiotemporal Data With UML Data Model): An association in a fuzzy UML data model [40] represents the relations between n classes C 1 , . . . , C n . An association generally has an associated class that describes properties of the association. In this paper, the relation of spatial and temporal relations is applied to meteorological phenomena by using the association relation in the fuzzy UML data model. Fig. 15 shows a fuzzy spatiotemporal relation class ST_Relations between two classes Bopha (a) and Saomei (b). A single line with an arrowhead is used to denote an association, and the association class is connected with the association by a dashed outline. ST_Relations is a fuzzy class of relationships. The → after the TDirection indicates that the temporal direction is from Bopha (a) to Saomei (b); Tmetric indicates that the temporal metric is 42 hours; TTopological indicates that the temporal topology is disjoint; The behind the SDirection indicates that their spatial direction is from northwest to southeast; SMetric means that their spatial metrics may be 400 km; STopological means that their spatial topology may be meet.
(Transform the Fuzzy UML Spatiotemporal Data Model to XML Spatiotemporal Model by Conversion Rules):
With the fuzzy spatiotemporal UML data model created in
Step 4, we can map the fuzzy UML spatiotemporal data model to XML spatiotemporal model by conversion rules.
Using the conversion rules above, the fuzzy temporal and spatial UML model obtained in the third step is transformed into a fuzzy spatiotemporal XML model. In Fig. 16 , use rule 1 to map the fuzzy spatiotemporal objects Bopha (a) to Saomei (b) in the UML class diagram to the element FuzzySTObject in XML. Use rule 2 and rule 4 to map the fuzzy spatiotemporal object attributes to FuzzyTimetype and FuzzySpatialtype. Use rule 3 and rule 5 to map spatiotemporal relationships to FuzzyTimeRelations and FuzzySpatialRelations.
VI. CONCLUSION
Time and space information widely exists in the real world, and spatiotemporal data modelling and analysis are receiving greater attention. Spatiotemporal data can be represented and exchanged with XML because XML has become the de-facto standard for data representation and exchange on the Web. Imprecision and uncertainty widely exist in spatiotemporal data.
To manage fuzzy spatiotemporal data, this paper describes fuzzy spatiotemporal data modelling with XML and UML.
Based on the characteristics of fuzzy spatiotemporal data, we first introduce the fuzzy spatiotemporal UML data model and fuzzy spatiotemporal XML model in order to accommodate richer semantic information in these two data models. In particular, we propose mapping rules to reengineer the fuzzy spatiotemporal XML model to the fuzzy spatiotemporal UML data model. We use the meteorological phenomena of a typhoon as an example to illustrate the transformation from a fuzzy spatiotemporal XML model to a fuzzy spatiotemporal UML data model using the proposed mapping rules. In future work, we will further investigate the issues of fuzzy spatiotemporal data operations. We will concentrate on how to achieve fuzzy spatiotemporal database queries and other issues. 
